Abstract: Understanding the factors influencing the transport of microbial pathogens, such as Salmonella and Escherichia coli, through porous media is critical to protecting drinking water supplies. The production of biofilms, along with individual biofilm-associated components, such as tafi, is believed to hinder transport of microorganisms through soil. This study investigated the relationship between biofilm formation and tafi production and the transport of environmental Salmonella through porous media. Thirty-two Salmonella isolates were initially assayed for their ability to form biofilms, from which a subset of these was selected to represent a range of high and low biofilm-formation potential and tafi formation capabilities. These were subsequently examined in unsaturated sand columns for transport characteristics. No obvious correlation was observed between Salmonella phenotypes and column retention. The results indicated that while transport of wellcharacterized laboratory E. coli strains can often be hindered by the presence of tafi and the potential to form biofilms, the presence of tafi did not retard the transport of the Salmonella strains.
Introduction
Groundwater is considered one of the safest sources of drinking water and is often used without treatment in many households that do not have access to municipal drinking water systems. However, the safety of potable groundwater is under scrutiny, with pathogen contamination of groundwater estimated to cause as many as 5 million illnesses annually in the United States of America alone (Macler & Merkle 2000) . Despite our best efforts to prevent water-related diseases, enterobacterial outbreaks occur unabatedly, due in part to our lack of understanding of how pathogenic bacteria move in the environment (Heaton & Jones 2008) .
Microbial transport in the subsurface is governed by a multitude of complex and interrelated physical, chemical and biological processes (Ginn et al. 2002) . The presence of extracellular structures, such as flagella, pili, fimbriae, and polysaccharides, can have key implications for bacterial transport in the subsurface (Stevik et al. 2004 ). In addition, these extracellular structures can facilitate the formation of biofilms where bacteria are protected from environmental stresses (Hall-Stoodley et al. 2004 ) and which can enhance survival rates in the presence of disinfectants (Prouty et al. 2002) .
Only a small fraction of research on the effect of biofilms and extracellular structures on bacterial adhesion has been performed using column studies. The results of these studies are inconclusive, as the presence of extracellular structures has been found to both hinder and facilitate microbial adhesion depending on variations in strain type, culture age and media condition (Rijnaarts et al. 1995; Landini & Zehnder 2002; Walker et al. 2005; Tufenkji 2007) . Although there appears to be an assumption that under specific conditions various biofilm-associated surface structures generally retard bacterial transport through porous media (Abu-Lail & Camesano 2003; Brombacher et al. 2003) .
Enterobacterial fimbriae, involved in initial surface attachment and biofilm formation, have been specifically shown to inhibit the transport of E. coli through sand columns (Brombacher et al. 2003) . These extracellular amyloid fibrils, known as curli in E. coli and thin aggregative fimbriae (tafi) in Salmonella, are encoded by the homologous operons csg and agf, respectively (Gebbink et al 2005) . Although curli and tafi are species-specific terms, they are structurally identical features and for the purposes of this paper, structures encoded by both csg and agf will be referred to as tafi.
Escherichia coli is commonly used as an indica- tor organism for enterobacterial presence and behavior (Bjergbaek & Roslev 2005) although doubts remain about its reliability as a surrogate for pathogens such as Salmonella (Winfield & Groisman 2003) . The objective of this study was to determine if the easily observed phenotypes of biofilm formation and tafi production in Salmonella are predictive of transport through sand columns as has been found for E. coli.
Material and methods
Bacterial selection and characterization Salmonella isolates, were obtained from the collection of Dr. Lorin Warnick at Cornell University, College of Veterinary Medicine. These Salmonella isolates were originally collected from dairy farms throughout the United States.
The two K-12 E. coli strains used in our study were well-characterized laboratory produced strains, PHL628 and PHL628∆csgA. PHL628 is known to overproduce tafi (Vidal et al. 1998) , and ∆csgA is a tafi deficient deletion mutant form of PHL628 (Toba 2008) . All strains were routinely maintained on Luria-Bertani (LB) agar. Table 1 summarises the bacterial strains used.
Biofilm Attachment. In a microtiter plate, 20 µL of overnight cultures of bacteria were added to 100 µL M9 medium (Sambrook et al. 1989 ) with 0.2% casamino acids as the carbon source. After 18 hours incubation at 30
• C, total biomass in each well was measured spectrophotometrically at 600 nm (OD600). Each well was subsequently stained with 100 µL of 1% crystal violet solution and washed, leaving only stained biofilm attached to well surfaces. Attached biofilms were solubilized in 95% ethanol, transferred to a new microtiter plate, and read at absorbance wavelength 595 nm (A595). The crystal violet stained biofilm in each well (A595) was normalized to cell growth value (OD600) and presented as the standardized ratio of A595/OD600. These assays were performed in triplicate, and the results are presented as averages across all trials. Student t-tests were employed to compare the means of paired samples at significance levels of 0.05.
Based on these initial results (data not shown), we selected the two best (1-38, 1-46) and the two worst (1-10, 1-17) biofilm formers of the 32 Salmonella isolates tested to examine for additional biofilm related phenotypes, including congo red binding and retention/transport in sand columns.
Congo Red Morphotype Identification. The binding of the dye Congo Red (CR) to E. coli and Salmonella has been reported to correlate with their production of tafi (Römling et al. 1998) . We therefore plated the four Salmonella strains and the controls on congo red agar as a qualitative means of assessing tafi production (Hammar et al. 1996) .
Column transport experiments
The four selected Salmonella strains and two E. coli controls were run through unsaturated sand columns to measure the strains' retention. Two types of suspension fluid were tested in the sand columns: a growth-permitting media, and a nongrowth buffer, in order to observe differences under growth promoting and non-growth environmental conditions. Column effluent breakthrough curves were compared to determine if biofilm formation and tafi production were accurate predictors of the strain's ability to be transported through porous media.
Sand Column Setup and Construction. Granular silica sands with sizes of 500-590 µm and 710-850 µm (Unimin corp.) were used to pack sand columns. Before use, the sand was autoclaved, washed 4 times and subsequently dried for 24 hours. The sand columns unit was constructed from a 96 deep well plate (Axygen Scientific) consisting of 96 individual 2.2 mL cylindrical columns. Prior to use, holes of 1mm diameter were drilled at the bottom of each well. First, 0.25 g of the coarser sand grain (710-850 µm) was placed in each well in order to serve as a natural filter. Then each column was filled with 2.65 g of the finer sand grains (500-590 µm).
Sand Column Transport. Bacteria were grown in LB broth at 150 rpm and 25
• C for 18 h, then washed twice and resuspended in either 18.6 mM Phosphate Buffered Saline (PBS) or M9 salts medium with 0.2% casamino acids as the carbon source. The bacterial suspensions (600 µL, OD600 ∼ 0.35) were then pulsed into the unsaturated sand columns (eight replicates per isolate). In addition, 100 µL of the bacterial solution were simultaneously placed in a separate microtiter collector plate, in order to determine the initial cell concentration via OD600. The column and plate were sealed with parafilm and placed upon a benchtop at room temperature for 4 hours to allow the bacterial suspension to settle in the column. After 4 hours, the OD600 was again measured in the microtiter plates that had been set aside with 100 µL of cells to determine what growth, if any, had occurred. The columns were then subjected to an initial pulse of 200 µL (using a multi-channel pipette) sterile 0.1× PBS. Effluent samples were collected by placing the 96-well sand column array atop a clean 96-well microtiter plate where approximately 100 µL of drained effluent were collected. The optical densities of bacteria in the effluents were quantified via spectrophotometry. This process was repeated with additional pulses of 100 µL 0.1× PBS until the concentration of bacteria in the effluent approached zero. The values were normalized to the starting OD and reported as:
where C is the normalized concentration, C is the collected column effluent concentration (OD600), and Co is the concentration (OD600) obtained from the separate microtiter plate. The normalized concentrations of each pulse were averaged over all replicates and subsequently plotted against the volume of recovered effluent from each column to generate the breakthrough curve (BTC). Student t-tests were employed to compare the means of paired samples at significance levels of 0.05. 
Results and discussion

Biofilm Attachment
Our initial Salmonella collection consisted of 32 strains collected from various dairy farms. As had been shown previously for environmental E. coli isolates (Yang et al. 2004 ), we found a high amount of diversity with respect to in vitro biofilm formation. From this diverse group, four Salmonella strains representing the high and low extremes of the isolates' biofilm forming capabilities ( Fig. 1) were examined in greater detail, with two E. coli strains serving as comparative controls for the effect of tafi and biofilm formation on transport (Brombacher et al. 2003) . The best Salmonella biofilm producing strains, 1-38 and 1-46, had average measured biofilm absorbance (A 595 /OD 600 ) values of 1.7 and 1.5, respectively. Though not statistically different from one another, this was significantly more than the low biofilm producing strains, 1-10 and 1-17, which had average measured biofilm absorbance (A 595 /OD 600 ) values of 0.37 and 0.35, respectively. Compared to the average of all tested Salmonella strains, the high-biofilm producing strains produced more than twice the mean of 0.7, while the low-biofilm producing strains produce approximately half of the mean. Even the best Salmonella biofilm formers, however, produced less biofilm than the tafi-overproducing strain (PHL628), which had an A 595 /OD 600 ratio of approximately 3.8. While the csgA deletion mutant produced less biofilms than the wild-type PHL628, it was statistically similar to the biofilm production displayed by the highbiofilm forming Salmonella strains (1-38 and 1-46) with A 595 /OD 600 ratios of approximately 1.6.
Congo Red Morphotype Identification
Two distinctly different morphotypes were observed in the colonies formed by the E. coli strains: PHL628 produced a red, smooth morphotype (Fig. 2a) , while ∆csgA produced a smooth and white (saw) morphotype (Fig. 2b) . PHL628 is known to overproduce tafi (Vidal et al. 1998) , and the red morphotype we detected from this strain was consistent with the overproduction of tafi. In contrast, the saw morphotype formed by ∆csgA confirmed the absence of tafi, as expected since csgA is known to encode for the subunits required to produce tafi (Vidal et al. 1998) .
Upon establishing the two morphotypic extremes displayed by the E. coli strains, the environmental isolates of Salmonella were analyzed. Salmonella sp. 1-38 (Fig. 2f) , produced a red, dry, and rough (rdar) morphotype, which indicated the production of both tafi and cellulose. The presence of cellulose gives rise to the rough ridges (Da Re & Gingo 2006) formed by 1-38, a trait unseen in the smooth PHL628 strain, which is unable to produce cellulose. The morphotype of colonies formed by the other three Salmonella strains (Figs 2c, d, f) were not as visually distinct as that of either Salmonella sp. 1-38 or the E. coli strains. Instead of clear rdar or saw morphotypes, these strains showed intermediate morphotypes, with modest congo red binding and little surface roughness. This indicated the presence of tafi, but at levels substantially less than those observed for Salmonella sp. 1-38 or the tafi overproducing PHL628, and little to no production of cellulose. The location of congo red binding in these colonies varied between strains as observed by the ring of red on 1-17 (Fig. 2d) and the white inner circle on 1-46 (Fig. 2f) .
Sand Column Transport All strains in the column studies were first grown in LB which is known to repress the production of tafi in E. coli (Olsén et al. 1993) . To minimize the impact of any biological differences between the strains on transport, we resuspended an aliquot in PBS which does not permit growth and therefore does not allow for tafi or polysaccharides to be produced. As expected under these conditions, no significant differences in column effluent concentration were seen between Salmonella and E. coli strains (data not shown), despite the differences between strains' ability to form biofilms and produce tafi.
Resuspending an aliquot of cells in M9 growthpermitting medium was expected to permit the synthesis of extracellular organelles like tafi and other facters required for attachment and allow us to quantify the impact of biological differences between the strains on transport. The BTCs showed significant differences between the two E. coli control strains (Fig. 3) : PHL628 was significantly more retained in the column than ∆csgA with peak bacterial recovery ratios of ∼45% and ∼15% respectively. The transport differences observed between these two E. coli is consistent with previous findings (Brombacher et al. 2003) and confirm that the ability of this E. coli to form biofilms and produce tafi tends to increase bacterial retention in columns and hinder transport. However, these transport differences were only observed after 4 hours of incubation in the columns (data not shown), suggesting that retention is directly related to the synthesis of new biomolecules.
Surprisingly, the BTCs of the two best biofilm forming strains (1-38 and 1-46), reveal that these strains were poorly retained in the column and had peak recovery ratios of ∼90% and ∼60% respectively (Fig. 3) . In fact, Salmonella strain 1-38, which congo red plates suggested produced the greatest amounts of tafi (as evidenced by its rdar morphotype), showed the least retention in the column. In contrast, the strains found to be low biofilm formers (1-10 and 1-17) had percent recoveries similar to 1-46, with the peak recovery around 50-60%. These Salmonella strains, which we found to have intermediate congo red morphotypes (Fig. 2) , exhibited similar retention patterns to ∆csgA even though they formed about 1/4 th as much biofilm as the ∆csgA mutant (Fig. 1) .
In this work we limited our bacterial characterization to tafi production and biofilm formation because they have been shown to be important factors in the transport of E. coli through porous media (Brombacher et al. 2003) . It is possible that the unexpected results we observed are due to the presence of some other differences between our isolates that either override or mask the effect of tafi. For example, cellulose has been show to negatively influence tafi-mediated cell aggregation and surface attachment (Gualdi et al. 2008) . Thus overproduction of cellulose, as observed in Salmonella 1-38 (Fig. 2e) , or some other factor may have enhanced transport rather than decreasing it. In fact, there are numerous other factors that have been shown to contribute to biofilm formation by environmental E. coli (Reisner et al. 2006) and Salmonella (Jonas et al. 2007 ), but whose impact on transport through porous media has not yet been addressed. Additional work is therefore needed to determine if the transport differences we observed are due to cellulose or some other factor.
Our results showed that biofilm and tafi-influenced transport trends observed in E. coli strains were not predictive of the results obtained for our small set of Salmonella strains. This suggests that more work must be done to better understand what links exist between biofilm formation and transport. It also suggests that caution must be applied when extrapolating between genera when it comes to bacterial transport through porous media. Further phenotypic analysis of these strains, and of additional biofilm-forming and/or tafi-producing Salmonella strains will be required to fully address this question and yield insight into the combination of factors that affect the transport of enterobacteria through unsaturated porous media.
